
Article

Mitofusin gain and loss of function drive
pathogenesis in Drosophila models of CMT2A
neuropathy
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Julien Royet1 & Thomas Rival1,*

Abstract

Charcot–Marie–Tooth disease type 2A (CMT2A) is caused by domi-
nant alleles of the mitochondrial pro-fusion factor Mitofusin 2
(MFN2). To address the consequences of these mutations on mito-
fusin activity and neuronal function, we generate Drosophila
models expressing in neurons the two most frequent substitutions
(R94Q and R364W, the latter never studied before) and two others
localizing to similar domains (T105M and L76P). All alleles trigger
locomotor deficits associated with mitochondrial depletion at
neuromuscular junctions, decreased oxidative metabolism and
increased mtDNA mutations, but they differently alter mitochon-
drial morphology and organization. Substitutions near or within
the GTPase domain (R94Q, T105M) result in loss of function and
provoke aggregation of unfused mitochondria. In contrast, muta-
tions within helix bundle 1 (R364W, L76P) enhance mitochondrial
fusion, as demonstrated by the rescue of mitochondrial alterations
and locomotor deficits by over-expression of the fission factor
DRP1. In conclusion, we show that both dominant negative and
dominant active forms of mitofusin can cause CMT2A-associated
defects and propose for the first time that excessive mitochondrial
fusion drives CMT2A pathogenesis in a large number of patients.

Keywords CMT2A; MFN2; mitochondrial fusion; mitofusin; peripheral

neuropathy

Subject Categories Membrane & Intracellular Transport; Metabolism;

Neuroscience

DOI 10.15252/embr.201745241 | Received 26 September 2017 | Revised 16 May

2018 | Accepted 23 May 2018 | Published online 13 June 2018

EMBO Reports (2018) 19: e45241

Introduction

Charcot–Marie–Tooth diseases (CMT), also called hereditary

sensory motor neuropathies (HSMN), compose a heterogeneous

family of genetically inherited human disorders affecting the

peripheral nervous system [1]. In opposition to CMT1, which results

from myelin sheath loss, CMT2 is characterized by axonal alter-

ations typically associated with reduced amplitude of nerve action

potentials. The most severe and most frequent form of CMT2 is the

subtype A (CMT2A) [1,2], which preferentially affects motor and

sensory neurons with the longest axons, resulting in muscle atro-

phy, hand and feet deformities, and loss of perception in the distal

part of the limb [2]. The onset of CMT2A ranges from the first to the

fifth decade, the early forms being more severe and possibly associ-

ated with neurodegeneration [3–5]. Although few recessive forms

have been described [6,7], CMT2A is mainly associated with domi-

nant mutations scattered all along the MFN2 gene coding sequence

[2,3]. The mechanisms by which these MFN2 mutations trigger

neuronal dysfunctions remain unknown, and there is currently no

cure for patients.

MFN2 encodes a mitochondrial outer membrane protein belong-

ing to a family of highly conserved dynamin-related GTPases named

mitofusins (MFNs) [8–10]. Fungi, nematodes, and insects encode a

single or a single ubiquitously expressed MFN-homolog, such as

Fzo1p in Saccharomyces cerevisiae or MARF in Drosophila melano-

gaster. Vertebrates encode two ubiquitously expressed homologs

with high-sequence similarity (MFN1 and MFN2), but studies in

mice indicate that MFN2 is the main MFN expressed in peripheral

nerves [11]. MFNs support mitochondrial fusion, a GTP-dependent

process that enables inter-mitochondrial exchanges essential for

oxidative metabolism and results in mitochondrial elongation

[12,13]. The precise role played by MFNs in membrane fusion and

their mechanism of action are still speculative [14], as well as the

consequences of CMT2A mutations on MFN function. Mitochondrial

fusion is antagonized by mitochondrial fission, a process supported

by another dynamin-related GTPase, DRP1 [15], and the balance

between antagonizing fusion and fission reactions determines the

overall morphology and dynamic properties of mitochondrial

networks. Consequently, MFN inactivation results in mitochondrial

fragmentation, through ongoing fission, and that of DRP1 provokes

the appearance of hyper-fused mitochondria [10]. Of note, the

GTPases involved in fusion and fission have been reported to play
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additional roles in other cellular processes, including apoptotic outer

membrane permeabilization, interactions between endoplasmic

reticulum and mitochondria, and coenzyme Q maintenance

[8,10,16].

A tight regulation of the mitochondrial fusion/fission balance

appears crucial to sustain neuronal activity. Indeed, mitochondrial

fragmentation was linked to different neurodegenerative processes,

and fission inhibitors were shown to provide neuroprotection

in vitro and in vivo [17,18]. In addition, mutations in fusion and fis-

sion factors were associated with neurological disorders (OPA1:

optic atrophy; DRP1: microcephaly, optic atrophy; MFF: Leigh-like

encephalopathy, neuropathy) including CMT (GDAP1/CMT2K and

CMT4A) [8,19,20]. While studies in animal models revealed that

DRP1 inactivation alters mitochondrial distribution in neurites [21]

leading to mitochondrial depletion at synapses [22], the roles of

mitochondrial fusion and MFNs in neurons are poorly documented.

In mouse, MFN2 knockout die at midembryogenesis [13] and

neuronal-specific knockout [23–25] trigger severe neurological

defects and neurodegeneration. These models confirm the require-

ment of MFN2 and the relevance of mitochondrial fusion for

neuronal function, but do not mimic the specific alterations of

peripheral sensorimotor nerves observed in CMT2A patients. The

study of transgenic mice expressing MFN2 mutations associated

with CMT2A revealed animals with locomotor defects associated

with axonal loss [26], or alterations of axonal width [27,28].

However, the origin of these neuronal alterations and their link with

altered MFN activity remains unknown. Indeed, the sole available

in vivo analysis of mitochondria in CMT2A mouse models was

limited and only showed a distal accumulation of mitochondria in

peripheral nerves [27].

To advance our understanding of CMT2A pathogenesis, we

developed four in vivo models of CMT2A by expressing different

pathogenic MFN mutations in neurons of transgenic Drosophila. We

chose to model the two most frequent substitutions, R94Q and

R364W, identified in more than 25 patients each

(Appendix Table S1 and [2]) and two further alleles, L76P and

T105M [2], that localize to similar domains of MFN (Figs 1 and

EV1). Mutations of the R94 and R364 residues are associated with

severe early forms of CMT2A and, in some patients, to optic atro-

phy, a disease condition referred as CMT6/HSNMIV [4,29,30]. Of

note, despite their high prevalence, mutations of the R364 residue

have never been studied in cellular or animal models. We show

that, when expressed in wild-type fly neurons, the four CMT2A-

mimetic alleles are dominant and induce severe locomotor deficits.

At the cellular level, the four mutations result in impaired mitochon-

drial functions and integrity, aberrant mitochondrial morphology

and organization in neuronal soma, and mitochondrial depletion at

neuromuscular junctions. Interestingly, however, MFN mutations at

the edge or within the GTPase domain (corresponding to R94Q and

T105M, Figs 1A and EV1) drive the clustering of unfused mitochon-

dria, whereas those localizing to the adjacent helix bundle HB1 (cor-

responding to R364W and L76P, Figs 1A and EV1) provoke fusion-

mediated mitochondrial enlargement.

Functional analysis of the human MFN2 alleles in mouse cells

confirmed that hMFN2-R94Q and T105M are fusion-incompetent

and that, surprisingly, hMFN2-R364W or L76P are fusion-

competent. We further demonstrate that enhanced fission by

DRP1 over-expression rescues the alterations of mitochondrial

morphology and distribution as well as locomotor deficit in the

R364W fly model. Our findings demonstrate that, in at least two

CMT2A alleles, including one of the most frequent, neuronal

dysfunctions are provoked by increased mitochondrial fusion in

neurons. We therefore propose that both deficient and excessive

MFN activity drive CMT2A pathogenesis.

Results

Fly models of CMT2A develop neurological defects

To study the pathogenicity of the CMT2A alleles R94Q, T105M,

R364W, and L76P in Drosophila, we introduced mutations homol-

ogous to these amino acid substitutions into the coding sequence

of the fly MFN-homolog namely marf (Fig 1A and B). The four

CMT2A alleles, plus a control marf wild-type cDNA, were placed

under the transcriptional control of UAS activating sequences and

inserted at the same genomic location (Fig 1B). To model CMT2A

disease that is genetically defined as dominant, the transgenes

were expressed in neurons of wild-type animals (Fig 1C) leading

to similar expression level (Fig 1D). The low expression of the

transgenes (Fig 1D) mimics well the situation in patient’s tissue

in which pathogenic and wild-type alleles are supposedly

expressed at similar levels. To determine whether the CMT2A

alleles were sufficient to impair neuronal activity in Drosophila,

we analyzed the flies’ locomotion. While neuronal expression of

the marf wild-type transgene had no effect, the four CMT2A alle-

les impair locomotor capacity (Fig 1E). The locomotor perfor-

mances of R94Qlike, R364Wlike, and L76Plike flies were reduced by

95, 65, and 50%, respectively, and T105Mlike animals display

paralysis that prevents the hatching of most adult flies. These

results demonstrate that all tested marf alleles carrying CMT2A

mutations are dominant and pathogenic in Drosophila, leading to

neurological alterations.

CMT2A fly models develop different alterations of mitochondrial
morphology in neurons

Then, we analyzed the consequences of the CMT2A alleles on

mitochondrial morphology by imaging living larval motor neurons

that are easily accessible to in vivo microscopy. Consistent with

increased mitochondrial fusion, expression of control marfWT

transgene increased mitochondrial length in neuronal cell bodies

(Fig 2A–D), whereas knocking down marf resulted in mitochon-

drial fragmentation (marf_RNAi, Fig 2B–D). In contrast, in

neurons expressing R94Qlike and T105Mlike, most visible mito-

chondria were sequestered into one or few massive mitochondrial

aggregates (Fig 2A and B, and Appendix Fig S1 OK371-GAL4, and

Fig EV2B elav-GAL4) composed by a myriad of tightly packed

mitochondria (Fig 2E). Interestingly, in neuronal cell bodies

expressing R364Wlike and L76Plike, the mitochondrial morphology

was affected in a very different manner, with the presence of

numerous large round shape mitochondria distributed throughout

the cytoplasm among few long mitochondrial tubules (Fig 2A–C

and F, and Appendix Fig S1 OK371-GAL4, and Fig EV2B elav-

GAL4). Electron microscopy confirmed that the abnormal struc-

tures detected by fluorescence correspond to mitochondria
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Figure 1. Neuronal expression of CMT2A-mimetic alleles triggers locomotor defects in flies.

A Sequence alignment of human MFN2 and Drosophila MARF. MFN2 mutations and homologous MARF residues (green), GTP-binding domain (light gray), GTP-binding
motifs G1 to G4 (dark gray), coiled-coil/CC domains (yellow), and transmembrane/TM domains (cyan). R94 and T105 are, respectively, located at the edge and within
the GTP-binding domain (position in folded structure see Fig EV1). L76 and R364, that appear distant in the MFN2 linear sequence, are in fact part of the same helix
bundle (HB1) as shown in the folded structure (Fig EV1).

B We mutated the amino acids homologous to R94, T105, R364, and L76 in the coding sequence of marf to generate the R404Q, L118P, R135Q, and T146M substitutions
(referred here as R364Wlike, L76Plike, R94Qlike, and T105Mlike for simplicity of interpretation), and each marf allele was placed under the transcriptional control of UAS
activation sequences. As a control, we similarly generated a wild-type UAS-marf construct. The five marf transgenes were inserted at the attP40 insertion site to
insure similar genetic background and expression level.

C The expression of the UAS-marfCMT2A alleles was specifically induced into the neurons of wild-type flies using the pan-neuronal driver elav-GAL4 which targets all
central and peripheral neurons or the glutamatergic driver OK371-GAL4 which facilitates the imaging of motor neurons.

D qRT–PCR performed on larval nervous system extracts showing marf mRNA level relative to control (elav>attp40). “transgene + endogenous”: The amplified sequence
is present both in mRNAs encoded by UAS-marf transgenes and the endogenous marf gene. “endogenous”: amplification of the 30UTR region that is absent from
mRNAs transcribed from UAS-marf transgenes. The level of “transgene” was calculated (“transgene+endogenous”-”endogenous”). (mRNA levels � SD represent the
mean value for two independent mRNA extracts each obtained from 12 dissected larval brains). marfKO: knockout of the marf endogenous gene deleting the whole
coding sequence and abolishing mRNA expression (Ø : value close to 0) (Appendix Fig S2 for technical details). marfStrong: previously generated UAS-marf transgene
[33] inserted at a different genomic location and leading to higher expression level than the UAS-marfWT transgene described in this study.

E Result of negative geotaxis test (NGT). Flies were placed into a vertical column and tapped to the bottom to induce escape behavior. After 30 s, the flies reaching the
top of the column (Ntop) and the flies remaining at the bottom (Nbot) are counted to calculate a locomotor index (�SEM) defined as: 1/2*(Ntotal + Ntop � Nbot)/Ntotal.
Nine races involving three groups of 10 flies for each genotype. Mann–Whitney test results: marfWT versus CMT2A alleles ***P < 0.001. R364Wlike or L76Plike versus
same condition + drp1: ¤¤¤P < 0.001. “Paralysis”: NGT not performed on T105Mlike flies because these animals are completely paralyzed.
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Figure 2. The CMT2A-mimetic alleles differently alter mitochondrial morphology in fly neurons.

A Scheme and confocal imaging of living larval ventral nerve cord showing midline motor neurons targeted by the OK371-GAL4 driver (red: plasma membrane/myr::RFP;
green mitochondria/mit::dendra2). Arrowheads point to cell bodies with abnormal mitochondrial distribution/shape. Scale bars 20 lm.

B Higher magnification views of living motor neuron cell bodies showing mitochondrial morphology (green: mitochondria/mit::dendra2). To facilitate mitochondrial
observation, myr::RFP staining was used to draw the outline of the cell (dotted lines). R364Wlike or L76Plike, arrowheads point to enlarged spherical mitochondria and
arrows to mitochondrial tubules. See also: motor neuron-specific staining in Appendix Fig S1 and similar mitochondrial alterations induced upon pan-neuronal
expression of the CMT2A alleles with the elav-GAL4 driver Fig EV2. Scale bars 5 lm.

C Higher magnification views of mitochondria (green: mitochondria/mit::dendra2; living tissue). Scale bars 1 lm.
D Quantification of mitochondrial segment length (lm) (number of mitochondria analyzed: attp40/212, marfWT/124, marf_RNAi/95, marfKO/79). �SEM. Mann–Whitney

U test results (versus attP40): ***P < 0.001.
E Transmission electron microscopy sections of ventral nerve cord from larvae expressing the different marf alleles. Top panels: neuron cell body section showing

cytoplasmic compartments (scale bars 1 lm). Arrowheads point to mitochondria. N, nucleus; C, cytoplasm. Bottom panels: higher magnification views (scale bars
0.5 lm).

F Average number of cell bodies containing giant spherical mitochondria (number of neurons analyzed: attp40/80, marfWT/72, R364Wlike/96, L76Plike/118; four
independent larval brains). �SEM. Mann–Whitney U test results (versus marfWT): ***P < 0.001, **P < 0.01.

G Area quantification of individual mitochondria (lm2). Number of mitochondria analyzed on EM sections: attp40/101, marfWT/118, R364Wlike/190. �SEM. Mann–
Whitney U test results: R364Wlike or L76Plike versus marfWT ***P < 0.001 and *P < 0.05; marfWT versus attp40 ¤¤P < 0.01.
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(Fig 2E) that were on average bigger (Fig 2G). Cristae and matrix

were electron dense and not distended (Fig 2E), demonstrating

that increased size was not a consequence of unspecific swelling.

To test whether the CMT2A alleles affect mitochondrial fusion,

we performed in vivo photoconversion experiments. In control

marfWT neurons (Movie EV1 and detailed description of the

experiment Fig EV3), mitochondrial tubules are fused and

therefore photoconverted molecules of matrix-targeted Dendra2

(mit::dendra2) diffuse outside the initial photoconversion area. In

contrast, red mit::dendra2 molecules remained in the vicinity of

the photoconverted area in neurons expressing R94Qlike and

T105Mlike, showing that aggregated mitochondria are separate and

cannot fuse in these cells (Movies EV2 and EV3, and Fig EV3).

This was not the case in neurons expressing R364Wlike and

L76Plike in which the fluorescent probe was able to diffuse

(Movies EV4–EV6 and Fig EV3). Taken together, these results

show that mutations associated with the GTPase domain (R94Qlike

and T105Mlike) cluster mitochondria and inhibit fusion, whereas

those within HB1 domain (R364Wlike and L76Plike) trigger the

formation of enlarged mitochondria that are well connected to the

mitochondrial network.

Highly prevalent R364W allele encodes a
fusion-competent mitofusin

The morphology, interconnectivity, and ultrastructure of mega-

mitochondria suggested that, in contrast to R94Q and T105M

mutants, R364W and L76P alleles do not impair mitochondrial

fusion. In order to reveal the intrinsic activity of the CMT2A

mutant, we expressed these pathogenic proteins in cells devoid of

endogenous MFN. To that purpose, we generated knockout flies

carrying a deletion which abolishes endogenous marf expression

(Appendix Fig S2 and Fig 1D). In these flies, mitochondrial frag-

mentation was rescued by our marfWT transgene, but not by

R94Qlike and T105Mlike that still aggregated mitochondria (Fig 3A).

In contrast, R364Wlike and L76Plike could restore mitochondrial

tubules formation but also generated few large mitochondrial

spheres (Fig 3A). To confirm that human R364W and L76P alleles

encode fusion-competent MFNs, we analyzed their function in

mouse embryonic fibroblasts (MEFs) devoid of MFN1 and MFN2.

In this well-established experimental system [31], mitochondria,

that are initially fragmented, elongate to form tubules upon expres-

sion of a fusion-competent MFN. Consistently, expression of

mouse MFN2 (Fig EV4A and C), human MFN2 (Fig 3B and C), and

Drosophila marf (Fig EV4A and C) transgenes restored filamentous

mitochondrial morphology, confirming the high conservation of

fusion machineries between these species. Then, transfection with

human MFN2 containing CMT2A mutations revealed that cells

expressing R94Q and T105M did not form filamentous mitochon-

dria and contained clustered mitochondria in a higher proportion

(Figs 3B and C, and EV4B and C), while those expressing L76P

and R364W were able to elongate mitochondria into tubules

(Figs 3B and C, and EV4B and C). Of note, we observed more cells

with filamentous mitochondria and less with aggregates upon

transfection with R364W (Fig 3C). To directly assess mitochondrial

fusion capacity, we used a polyethylene glycol (PEG)-based cell

fusion assay [32]. We generated MEF lines stably expressing

human wild-type or mutant MFN2 alleles as well as red or green

fluorescent proteins targeted to mitochondria. After plasma

membrane fusion of cells with green and red-labeled mitochondria,

we quantified fusion-mediated exchange of mitochondrial fluorescent

proteins. Consistently, whereas non-fusogenic mitochondria lacking

mitofusins remained singly labeled (�/�, Fig 3D and E), those in

which wild-type human MFN2 was expressed appeared double-

stained (Hs-MFN2, Fig 3D and E). In contrast, we confirmed that

MFN2-R94Q is not fusion-competent (Fig 3D and E) and that the

effect of this mutation is dominant, as mitochondria expressing this

allele were unable to fuse with mitochondria expressing wild-type

human MFN2 (Figs 3F and EV4D). Most importantly, these fusion

assays revealed that mitochondria expressing human MFN2-R364W

display a fusion capacity that was similar (homotypic experiments,

Fig 3D and E) or slightly higher (heterotypic experiments, Figs 3F

and EV4D) to that of wild-type human MFN2. Taken together, these

results confirm that R94Q and T105M mutants cannot support fusion

but can still tether mitochondria and, surprisingly, demonstrate that

R364W and L76P mutants are fusion-competent.

Enhanced mitochondrial fusion in R364W fly model

To understand how fusion-competent mutants can alter mitochon-

drial morphology in neurons and trigger neurological defects, we

returned to the fly model. In the following analysis, we focused our

study on the comparison between R364Wlike and R94Qlike that

mimic the two most frequent CMT2A alleles. We observed that

neurons over-expressing marf via a previously described transgene

[33], achieving higher marf expression level than our own UAS-

marfWT transgene (marfWTstrong, Fig 1D), exhibited giant mito-

chondrial spheres (marfWTstrong, Fig 4A) similar to those of

R364Wlike-expressing neurons. We thus inferred that giant mito-

chondria might originate from excessive mitochondrial fusion and a

shift of the fusion/fission balance toward fusion. To test this

hypothesis, we investigated whether the giant mitochondrial pheno-

type was similarly induced by decreasing mitochondrial fission. We

showed that expression of a dominant negative mutant of the fission

effector DRP1 (drp1K38A) [34,35] also induced the formation of mito-

chondrial spheres similar to those found in R364W fly model

(Fig 4A). In cells expressing drp1K38A, knocking down marf restored

normal mitochondrial morphology demonstrating that the giant

mitochondrial phenotype was indeed a consequence of unbalanced

mitochondrial fusion (Fig 4A). In order to shift the fusion/fission

balance toward fission, we over-expressed drp1 in the neurons of

flies expressing the R364Wlike allele. Consistent with our hypothesis,

the giant mitochondria phenotype disappeared (Fig 4B and C), and

the average mitochondrial size was close to that of controls (Fig 4D

and E). Knocking down the inner-membrane fusion effector opa1,

which is also expected to shift the fusion/fission balance toward fis-

sion, similarly led to a reduction of giant mitochondria in the

R364Wlike context (Fig 4B). We then performed the converse experi-

ment by inhibiting fission in the R364W fly model and showed that

neurons now contained one or few gigantic spherical mitochondria

(Fig 4B and D) as a result of increased size (Fig 4E). In contrast,

manipulating drp1 or opa1 activities did not interfere with the

formation of mitochondrial aggregates in R94Q fly model (Fig 4B).

Finally, we showed that over-expressing DRP1 was sufficient to

normalize the locomotor performances in L76P and R364W fly

models (Fig 1E, “+ drp1”) demonstrating that the excessive fusion
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Figure 3. Pathogenic CMT2A alleles located to the helix bundle 1 (R364W, L76P) are fusion-competent in MFN-null fly neurons and mouse fibroblasts.

A Expression of the marf CMT2A alleles in motor neurons of marf knockout larvae (marfKO/Y; OK371-GAL4, UAS-mit::dendra2). Arrows show mitochondrial spheres (living
tissue). Although expression of marf wild-type or CMT2A transgenes in motor neurons rescues or modifies mitochondrial morphology, it does not rescue
developmental delay and lethality of marf knockout larvae due to the lack of marf in whole body (see Appendix Fig S2 and methods for additional details regarding
marf knockout animals). Scale bars 2.5 lm.

B Mouse embryonic fibroblasts devoid of MFN1 and MFN2 (MFN1/MFN2-null cells) were transfected with mtGFP (GFP targeted to the mitochondrial matrix) alone
(�/�) or co-transfected with wild-type human (Hs) MFN2 or with the R94Q or R364W mutants. Visualization of mitochondrial morphology by fluorescence
microscopy of mtGFP. Bar: 5 lm. Cells display fragmented (FRA), filamentous (FIL), and/or clustered (CLU) mitochondrial compartments. (see Fig EV4 for T105M and
L76P and rescue with wild type mouse MFN2 or Drosophila marf). Scale bars 5 lm.

C Percentage of transfected mtGFP-positive cells displaying fragmented (FRA), filamentous (FIL), and/or clustered (CLU) mitochondrial morphology (mean � SD).
Number of transfections = 5 (no MFN), 10 (Hs-MFN2), 6 (R94Q), 7 (R364W). Mann–Whitney U test results (versus Hs-MFN2): **P < 0.01, ***P < 0.001.

D Polykaryons obtained by PEG-induced plasma membrane fusion of MEFs expressing GFP targeted to the matrix (mtGFP) or mCherry targeted to the outer membrane
(mChOM). Images were taken 6 h after PEG-induced fusion. Fused mitochondria exchange red and green fluorescent proteins and appear doubly labeled. Unfused
mitochondria remain singly labeled. DAPI-labeled nuclei appear in blue. Pictures show MFN1/MFN2-null MEFs (�/�) or MFN1/MFN2-null MEFs expressing wild-type
(Hs-MFN2) or mutant human MFN2 alleles (Hs-R94Q and Hs-R364W). Scale bars 10 lm.

E Histograms show the mean � SD of the Manders’ colocalization coefficient for mtGFP in homotypic fusion assay as shown in (C). WT (wild-type MEFs), �/� (MFN1/
MFN2-null MEFs), Hs-MFN2 (�/� transduced with human wild-type MFN2), Hs-R94Q, and Hs-R364W (�/� transduced with corresponding human MFN2 alleles).
Results are shown 4 or 6 h after PEG-induced fusion. Polykaryons analyzed (4 h/6 h): WT (15/15), �/� (15/15), Hs-MFN2 (25/15), Hs-R94Q (15/15), Hs-R364W (25/15).
Mann–Whitney U test results (* versus �/� 4 or 6 h, ¤ versus Hs-MFN2 4 or 6 h): ***P < 0.001, ¤¤¤P < 0.001.

F Histograms show the mean � SD of the Manders’ colocalization coefficient for mtGFP in heterotypic experiments (PEG-induced fusion of MFN �/� MEFs expressing
Hs-MFN2, labeled with mtGFP, with MFN �/� MEFs expressing Hs-R94Q or Hs-R364W, labeled with mCherryOM). Images are shown in Fig EV4D and were taken 4 h
after PEG-induced fusion. Mann–Whitney U test results (* versus �/�, ¤ versus Hs-MFN2): ***P < 0.001, ¤¤¤P < 0.001, ¤P < 0.05. Polykaryons analyzed: �/� (15), Hs-
MFN2 (25), Hs-R94Q (15), Hs-R364W (15).
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of mitochondria in neurons is the primary pathogenic mechanism of

these alleles.

Increased mitochondrial damages in neurons of R94Q and R364W
fly models

While analyzing mitochondrial morphology by electron micro-

scopy, we noticed that neurons expressing R364Wlike and R94Qlike

contained vesicular structures (Fig 5A) that were never observed

in marfWT control animals. These structures were found very

close to mitochondria and, at the ultrastructural level, appear as

multi-lamellar structures evocating autophagy figures (Fig 5A,

arrowheads) that sometimes contacted or contained mitochondria

(Fig 5A, arrows). In Drosophila, increased transcription of autoph-

agy genes (atg) accompanied the autophagic process in various

contexts [36,37]. By quantifying the expression level of atg8b, the

fly homolog of the canonical autophagy marker LC3, we revealed

an up-regulation of this gene in R364Wlike and R94Qlike fly brains

(Fig 5B). Together with the presence of multi-lamellar structures,

this qPCR result suggested that autophagy is activated in the

brains of R364W and R94Q fly models. As autophagy is known to

be involved in the degradation of damaged mitochondria, we spec-

ulate that increased autophagy in CMT2A-mimetic flies could

represent a cellular response to the accumulation of damaged

mitochondria. Because a hallmark of mitochondrial damages is the

alterations of oxidative metabolism, we quantified ATP levels in

CMT2A fly brains extracts using a luciferase-based assay and

observed decreased ATP levels in both R364Wlike and R94Qlike

animals (Fig 5C). Another consequence of altered oxidative meta-

bolism is the accumulation of ROS that can be released from defec-

tive mitochondrial respiratory chains. Of note, ROS, which trigger

oxidative stress, are also known inducers of autophagy. To test

whether ROS accumulate in CMT2A neurons, we stained fly brains

with the fluorescent in situ probe DHE. Quantifications revealed

higher level of fluorescence in R364Wlike and R94Qlike brains

compared to control marfWT (Fig 5D). To test more directly the

hypothesis that damaged mitochondria accumulate in CMT2A flies,

we quantified the level of mtDNA mutations which accumulate

during the life of most animals including flies [38]. Having first

shown that the CMT2A-mimetic flies have normal mtDNA level

(Fig 5E), we then measured mtDNA mutation load using a random

mutation capture assay (RMC). Consistent with our hypothesis,

this qRT–PCR analysis revealed that brains from R364W and R94Q

fly models accumulate more mutant mtDNA molecules than

controls during their development (Fig 5F). Finally, we showed

that, in R364W-mimetic flies, over-expressing drp1 was sufficient

to decrease mtDNA mutation load, atg8b expression, and ROS

level, and to increase ATP (Fig 5B–D and F), confirming that

▸Figure 4. Enhanced mitochondrial fusion in neurons of the R364W fly model.

A Confocal images of mitochondria showing the presence of large mitochondrial spheres (arrowheads) in living larval motor neurons (OK371-GAL4; UAS-mit::dendra2)
expressing the marfWTStrong transgene (marf over-expression at higher expression level than our UAS-marfWT transgene), or drp1K38A (dominant negative DRP1), or
drp1K38A + marf_RNAi (RNAi against marf). White line: plasma membrane according to myr::RFP staining. Scale bars 5 lm.

B Confocal images of mitochondria (mit::dendra2) in living larval motor neurons expressing marfWT, R364Wlike, R94Qlike in conjunction with various UAS transgene.
+ drp1: over-expression of the fission effector DRP1; + drp1K38A over-expression of dominant negative DRP1; and + OPA1_RNAi: RNAi downregulation of the fusion
factor OPA1. White line: plasma membrane according to myr::RFP staining. Scale bars 5 lm.

C Quantification of the number of cells containing giant spherical mitochondria � SEM. Number of cells analyzed: R364Wlike/96, R364Wlike + drp1/70. Mann–Whitney U
test results: R364Wlike versus R364Wlike + drp1 ***P < 0.01.

D TEM images of neurons from larval ventral nerve cords. Top panels: cell bodies (arrowheads, mitochondria; N, nucleus; C, cytoplasm); scale bars 1 lm. Bottom panels:
higher magnification images highlighting mitochondrial morphology; scale bars 0.5 lm. + drp1: over-expression of drp1 and + drp1K38A: dominant negative DRP1.

E Size distribution of individual mitochondria (area lm2). Number of mitochondria analyzed: attp40/101, marfWT/118, R364Wlike/190, R364Wlike +drp1/108, R364Wlike +
drp1K38A/44. Mann–Whitney U test results performed on the average value of the area: attp40 versus marfWT P < 0.05; marfWT versus R364Wlike P < 0.001, R364Wlike

versus R364Wlike + drp1 P < 0.001, R364Wlike versus R364Wlike + drp1K38A P < 0.01.

◀

▸Figure 5. The CMT2A alleles compromise mitochondrial integrity and function.

A Transmission electron microscopy images from larval ventral nerve cord expressing R364Wlike and R94Qlike. Arrowheads show multi-lamellar vesicular structures in
the vicinity of mitochondria evocating autophagy figures. These structures sometimes contained mitochondria (arrows). Scale bars 0.2 lm.

B qRT–PCR on third-instar larvae central nervous system showing atg8b mRNA level � SEM relative to control (elav>marfWT). Mean value obtained for four
independent mRNA extracts each from 12 dissected brains. Mann–Whitney U test results: marfWT versus R364Wlike or R94Qlike ***P < 0.001; R364Wlike versus
R364Wlike + drp1 ¤¤¤P < 0.001.

C Average ATP level in third-instar larval brains (% of control level) � SEM. Three independent experiments performed on extracts from five elav-GAL4 adult fly brains.
Mann–Whitney U test results: marfWT versus R364Wlike, R94Qlike **P < 0.01; R364Wlike versus R94Qlike #P < 0.05, R364Wlike versus R364Wlike + drp1 ¤P < 0.05.

D Images show DHE staining in neuron cell bodies from larval ventral nerve cord (scale bars 5 lm). Quantification of ROS labeling intensity � SEM (ImageJ). Number of
cell bodies analyzed marfWT/194, R94Qlike/93, R364Wlike/162, R364Wlike+ drp1/221 (from 10 to 12 larval brains). Mann–Whitney U test results: marfWT versus
R364Wlike, R94Qlike: **P < 0.01; ***P < 0.001; R364Wlike versus R364Wlike + drp1 ¤¤P < 0.001.

E Relative mtDNA levels measured by quantitative real-time PCR � SEM. Normalization is based on the amplification of nuclear rp49 gene. Three independent qRT–
PCR experiments each done on DNA extracts from 12 elav-GAL4 dissected adult fly brains (3-day-old flies). No statistically significant difference.

F Relative mitochondrial DNA (mtDNA) mutation load determined by RMC in extracts from elav-GAL4 UAS-marf (WT, R94Qlike, and R364Wlike) dissected third-instar
larval CNS and adult brains (3-day-old flies). �SEM. After extraction, DNA is digested by TaqI restriction enzyme and submitted to PCR. Primers flanking a TaqI site are
used to amplify only mtDNA fragments in which the TaqI site sequence has been mutated. The amount of mutated DNA is normalized to total mtDNA level
(determined by qRT–PCR using primers which do not flank a TaqI site). Eight independent experiments for marfWT, seven for R364Wlike, three for R364Wlike + drp1,
and three for R94Qlike. DNA extracts were prepared from 12 dissected larval CNS or adult brains. Mann–Whitney U test results: marfWT versus R364Wlike, R94Qlike:
***P < 0.001, **< 0.01; R364Wlike versus R364Wlike + drp1 ¤¤P < 0.001, ¤ < 0.05.
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excess of fusion is the most probable cause for neuronal dysfunc-

tion in the R364W fly model. Based on these observations, it is

tempting to speculate that the pro-fusion activity of R364Wlike, and

the pro-aggregative activity of R94Qlike, leads to the accumulation

of mitochondrial damages, reducing ATP and increasing ROS

levels. Mitochondrial dysfunction can lead to neurodegeneration.

However, as described for CMT2A patients, we did not observed

motor neuron loss in our fly models (Fig EV5A and B). Neverthe-

less, a moderate degeneration was detected in the visual system

(Fig EV5C and D), a situation evocating CMT6 disease.

A

B

E F

C D

Figure 5.
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Mitochondrial depletion at the neuromuscular junctions of R94Q
and R364W fly models

We then asked whether the mitochondrial alterations in the

neuronal soma could affect the localization of mitochondria at the

neuromuscular junctions (NMJs) of the CMT2A flies. Indeed, the

inactivation of drp1, which triggers the hyperfusion of mitochondria

in neuronal soma, was shown to cause a dramatic depletion of mito-

chondria at NMJs [22]. To visualize mitochondria at NMJs in vivo,

we expressed two fluorescent reporter proteins in motor neurons,

the one labeling mitochondria in green and the other the plasma

membranes in red to allow the visualization of synaptic boutons at

the muscle surface (Fig 6). First, we confirmed that, contrary to

control NMJs, those of motor neurons in which drp1 was inacti-

vated were largely devoid of mitochondria (Fig 6A and B). We also

demonstrated that this phenotype was rescued by marf knockdown

(Fig 6A and B) showing that the localization of mitochondria at

NMJs depends on a precise balance between mitochondrial fusion

and fission. This analysis further revealed that the fraction of

boutons devoid of mitochondria is significantly higher at the NMJs

of R364Wlike-expressing larvae (Fig 6A) and that over-expressing

wild-type drp1 restored mitochondrial distribution in boutons

A

B

Figure 6. The CMT2A alleles trigger mitochondrial depletion at neuromuscular junctions.

A Confocal images of larval neuromuscular junctions (NMJ) targeted by OK371-GAL4. Synaptic bouton membrane is stained in red (myr::RFP) and mitochondria in green
(mit::dendra2). Arrowheads: boutons without mitochondria. Scale bars 10 lm.

B Proportion of synaptic boutons with mitochondria staining � SEM. Number of boutons analyzed: attp40/158, drp1K38A/156, drp1K38A marf_RNAi/172, marfWT/216,
R94Qlike/200, R364Wlike/129, R364Wlike +drp1/128. Mann–Whitney U test results: ***P < 0.001, **P < 0.01 (versus marfWT), ¤¤¤P < 0.001 (versus R364Wlike).
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(Fig 6A and B). Finally, we observed that mitochondrial aggregation

in the neuron expressing R94Qlike was also associated with synaptic

mitochondrial depletion. The degree of mitochondrial depletion

was, however, lower than that observed in R364Wlike animals

(Fig 6A and B). These results demonstrate that shifts in the fusion/

fission equilibrium interfere with mitochondrial localization at NMJs

and, notably, that excess mitochondrial fusion provokes mitochon-

drial depletion at NMJs in the R364W fly model.

Discussion

In this work, we have generated and characterized Drosophila

models of CMT2A-expressing pathogenic alleles in a wild-type back-

ground and at levels similar to that of endogenous MFN, a situation

which resembles that of neurons carrying MFN2 dominant heterozy-

gous mutations. Our in vivo analysis of four CMT2A mutations,

including the two most frequent alleles (R94Q and R364W), demon-

strates that CMT2A mutations can induce aberrant mitochondrial

morphology and function, mitochondria depletion at NMJ, and loco-

motor deficits by either deficient or excessive MFN activity.

Because mutations of the MFN2-GTPase domain, which are the

most prevalent among CMT2A, have lost their ability to drive fusion

in MEFs devoid of endogenous MFN (Fig 3 and [31]) and are geneti-

cally dominant in human patients and mouse models [26–28], they

were proposed to encode dominant negative forms of MFN2 that

decrease mitochondrial fusion and thereby induce neuronal

dysfunction. However, there was so far no experimental evidence

supporting this hypothesis in in vivo neurons. Our study reveals that

mutations homologous to R94Q and T105M do not simply result in

mitochondrial fragmentation (as observed in marf knockout flies),

but rather trigger a massive aggregation of unfused mitochondria in

fly neurons. Importantly, in our models, mutant and wild-type marf

transgenes are expressed at similar levels that are near the endoge-

nous marf level and, in this condition, control marfWT transgene

does not trigger mitochondrial clustering. Therefore, our data

strongly support the idea that mitochondrial aggregation results

from specific properties of the mutant alleles and not from unspeci-

fic effect of MFN over-expression as observed in cultured cells

([39,40], discussed in [27,41]). Of note, and consistent with this

hypothesis, focal mitochondrial aggregates have been reported in

the few available electron microscopy analysis of nerve biopsies

from CMT2A patients [3,42,43]. At the molecular level, we can spec-

ulate that R94Q and T105M mutant MFNs retain the capacity to

tether mitochondria, but cannot support the subsequent GTP-depen-

dent steps that normally drive membrane fusion, as suggested by

the poor diffusion of the probe in photoconversion experiments.

Consequently, the defective MFNs might remain locked together,

leading to progressive aggregation of a growing number of mito-

chondria. We thus propose that R94Q and T105M act as dominant

negative MFNs that impair mitochondrial fusion and favor

clustering.

Unexpectedly, our characterization of the R364W and L76P alle-

les reveals for the first time that two alleles known to cause CMT2A,

including the highly prevalent R364W substitution, stimulate mito-

chondrial fusion activity and subsequently exert their toxicity by

shifting the fission/fusion balance toward fusion. Indeed, we here

show that, in fly neurons, mutations in residues homologous to

R364W and L76P result in the formation of large mitochondrial

spheres similar to those induced by inactivating drp1 or over-

expressing at high-level wild-type marf. Such phenomenon is not a

specificity of fly neurons, as enlarged globular mitochondria, strik-

ingly similar to those described here in Drosophila, were also

observed in the neuronal cell bodies of drp1 knockout mice

[21,44,45]. Interestingly, the latter studies have also shown that

these giant mitochondrial spheres observed in neurons in vivo are

absent from cultured drp1 knockout MEFs [44,45] as showed here

in MEFs expressing R364W and L76P. Consistent with the neuronal

specificity of CMT2A, the analysis of skin fibroblast derived from

CMT2A patients shows minor alterations of mitochondrial morphol-

ogy and function [46–48]. This implies (i) that the formation of

giant mitochondrial spheres may require factors or cellular proper-

ties that are specific of neurons, and (ii) that the validation of this

pathogenic mechanism in mammals demands functional characteri-

zation of the R364W allele in neurons and not in fibroblasts.

The precise mechanism by which MFNs drive outer membrane

fusion remaining debated, we can only speculate on the mecha-

nisms by which R364W and L76P mutations might provoke MFN

gain of function. As neither residue localizes to the GTP-binding

domain or to any of the predicted coiled-coil domains (Figs 1A and

EV1), it appears uncertain that they play a direct role in GTP-

binding and hydrolysis, GTP-dependent MFN dimerization [49,50],

and/or inter-mitochondrial tethering via coiled-coil domains

[51,52]. In the MFN1 structure, the homologs of L76 and R364 (V55

and R343) localize to the helix bundle HB1 (Fig EV1B and C) that is

homologous to the neck domain of the bacterial dynamin BDLP

(Fig EV1C and D). Of note, a transition between condensed and

extended conformations (Fig EV1D and E) has been proposed to

underlie the function of BDLP [53] and of the related MFNs [14]. In

the condensed conformation, these residues (Fig EV1C and D: blue)

would be oriented toward the predicted second helix bundle HB2,

homologous to the trunk domain of BDLP (Fig EV1C and D: yellow)

and in close proximity of an interbundle domain of highly variable

structure located between both helix bundles (Fig EV1C and D:

green). It is therefore tempting to propose that these residues partici-

pate in HB1/HB2 (Neck/Trunk) interactions and somehow contri-

bute to the stability of the condensed conformation and/or to

modulating the shifts between the condensed and extended forms

(Fig EV1D and E).

Our microscopy data demonstrate that both mitochondrial

aggregation and excessive fusion are associated with a depletion of

mitochondria at NMJs in our CMT2A fly models. In the R94Q fly

model, this phenotype might reflect the fact that “sticky” mito-

chondria trapped within aggregates observed in neuronal cell

bodies are not free to move in thin axonal projection to reach

synapses. In the R364W fly model, this is rather the shift of the

fusion/fission balance in favor of fusion that is responsible for

mitochondrial loss in NMJs. In flies and mammals, a similar deple-

tion of synaptic mitochondria is indeed observed when fission is

inhibited (this manuscript and [22,54]). Fission seems therefore

required for the efficient transport of mitochondria to synapses

possibly because this process maintains mitochondrial size down

to a level compatible with mitochondrial movement into neuronal

projections or with the interaction of mitochondria with the trans-

port machinery. Mitochondrial depletion at NMJs may impair

neurotransmission in CMT2A flies as previously described in flies
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mutant for DRP1 or for the mitochondrial kinesin adaptor Milton

[22,55]. Indeed, in fly, as well as in mammalian neurons, synaptic

mitochondria provide the ATP required by the synaptic machinery

[22,56] and tune down calcium waves in axon terminals [57,58].

There is so far no available histological study of nerve biopsies

from patients with mutations of the R364 residue. However, if

R364W affects mitochondrial distribution at the NMJs in human as

it does in flies, it would presumably impact neuronal activity. It is

indeed known that mutations affecting proteins involved in mito-

chondrial axonal transport, such as dyneins DYNC1H1 and

DNAH10, and dynactin DCTN2, are sufficient to cause axonal

forms of CMT [59,60].

Additionally, increased mtDNA mutation load correlating with

autophagy markers up-regulation, decreased ATP, and increased

ROS were detected in the brain of R94Q and R364W-mimetic flies.

These observations suggest that damaged organelles accumulate in

the neurons of these animals and may contribute to neuronal

dysfunctions. In the R364W fly model, increasing fission resettled

mtDNA mutation load, autophagy markers, ATP, and ROS toward

normal level, suggesting that this CMT2A allele compromises the

removal of defective mitochondria by switching the fission/fusion

balance toward fusion. Accordingly, inhibiting fission was shown

to decrease the efficacy of mitophagy, resulting in the accumula-

tion of oxidized mitochondrial proteins and subsequently decreas-

ing oxidative metabolism [21,61–63]. Indeed, fission is proposed to

support the sorting of mitochondria depending on their metabolic

activity, the poorly active being isolated and degraded [61]. Addi-

tional studies in yeast also revealed that the segregation of poorly

active mitochondria relies on lower fusion capacity [64]. There-

fore, by favoring mitochondrial fusion over fission, the R364W

allele might compromise the elimination of defective mitochondria

by decreasing the efficacy of the mitochondrial sorting process. In

R94Q fly model, mitochondrial aggregation might also affect the

elimination of damaged mitochondria possibly because mitochon-

dria trapped into dense aggregates are poorly accessible to the

vesicular components of the autophagy machinery. Similar patho-

genic process might arise in human, as decreased oxidative meta-

bolism was associated with increased level of deleted mtDNA

molecules in fibroblasts from CMT2A patients [48]. However,

aggregation is not the only deleterious consequence of R94Q.

Indeed, this mutation impairs inter-mitochondrial exchanges

suggesting that the R94Q allele acts as a dominant negative MFN

which inhibits the mitochondrial fusion process. This would

presumably compromise the buffering of mitochondrial damaged

explaining why R94Q flies experience more severe neurological

defects and have lower brain ATP levels than R364W-mimetic

animals, despite higher mitochondrial synaptic density, and similar

brain mtDNA mutation load.

In conclusion, we propose that CMT2A does not simply result

from decreased MFN activity but rather from more complex alter-

ations of MFN functions. Depending on the alleles, CMT2A muta-

tions result in mitochondrial clustering or unexpectedly enhance

mitochondrial fusion subsequently affecting mitochondrial distribu-

tion and integrity in neurons. Our data also indicate that anti-fission

or pro-fusion drugs, envisioned as treatments for CMT2A or

neurodegenerative disease [18,52,65], could be detrimental for

patients with R364W and L76P alleles that would rather benefit from

the development of pro-fission or anti-fusion molecules.

Materials and Methods

Sequence/structure analysis

Alignments of MFN1/NP_284941, MFN2/NP_001121132, MARF/

NP_996358, and BDLP/B2IZD3 were performed with CLUSTALW or

MUSCLE (https://npsa-prabi.ibcp.fr or www.phylogeny.fr). Coiled-

coil and transmembrane domains were predicted with COILS and

TMPred software (http://www.ch.embnet.org) [40]. 3D structures

of MFN1-MGD ([49]; PDB ID 5GNU, 5GNT), MFN1IM ([50]; PDB ID

5GO4, 5GOE), and BDLP ([66]; PDB ID 2J68, 2J69, 2W6D) were

retrieved from RCSB Protein Bank (www.rcsb.org). Structural align-

ments were performed with TM-align [67].

Mitochondrial morphology and fusion in mammalian cells

We used mouse embryonic fibroblasts (MEFs) with a wild-type

genotype [16] or devoid of MFN1 and MFN2 (MFN1/MFN2-null

cells [51]). For transient expression, MEFs were co-transfected using

Turbofect (Thermo Fisher) with pCB6-mtGFP [40] and pQCXIB

(Addgene plasmid # 22800) plasmids encoding mouse MFN2, Droso-

phila MARF, human MFN2, or indicated human MFN2 mutants. For

quantitative analysis, mitochondrial morphology of 100–150 trans-

fected cells was determined and expressed as percentage transfected

cells with fragmented/FRA, filamentous/FIL, or clustered/CLU mito-

chondria.

For stable transduction of MEFs, viral particles were generated

by transfection of Plat-E retroviral packaging cells (Cell Biolabs,

Inc.) with retroviral plasmids encoding GFP targeted to the mito-

chondrial matrix (pMXs-puro-mtGFP), mCherry anchored to the

outer membrane by the transmembrane domain of OMP25 (pMXs-

puro-mChOM [32]) or the indicated MFN2 alleles (pQCXIB-MFN2).

MEFs were transduced with viral supernatants diluted in complete

culture medium and supplemented with 8 lg/ml polybrene. Trans-

duced cells were selected with 20 lg/ml blasticidin and/or 2 lg/ml

puromycin. Expression of fluorescent proteins was confirmed by flu-

orescence microscopy. Expression of MFN2 alleles was confirmed

by Western blot with MFN2-specific antibodies [40].

Mouse embryonic fibroblasts expressing either mtGFP or mCher-

ryOM were co-plated on glass coverslips and subjected to cell fusion

with P.E.G. as described [32]. Fused cells were maintained in cyclo-

heximide containing medium (20 lg/ml) to inhibit protein synthesis

and fixed after 4 or 6 h. MEFs were imaged with a 100× objective in

an Olympus IX81 microscope. Z-stacks were deconvoluted using the

DeconvolutionLab plugin [68] and combined into a Maximum Inten-

sity Projection with ImageJ or the Extended Focus option of CellR

software (Olympus). To quantify the colocalization between mtGFP

and mChOM, we calculated the Manders’ coefficients using the

JaCOP plugin of ImageJ software [69]. Regions of high mitochon-

drial density (essentially perinuclear regions) were excluded from

the analysis to avoid colocalization artifacts due to insufficient

spatial resolution.

Drosophila stocks and culture

UAS-CMT2A lines

marf coding sequence was amplified from w1118 fly, cloned into

pDonr221 vector and checked by sequencing. marf 50 and 30 UTRs
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were not included, and only a kozak CAAA sequence was added in

front of ATG. The R404W (R364Wlike), L118P (L76Plike), R135Q

(R94Qlike), and T146M (T105Mlike) were made using quick change

PCR (Agilent) that cloned (Gateway) into pUAST-w+-attB. Vectors

carrying wild-type or mutantmarf were inserted by phiC31-mediated

transgenesis (injection into white flies carrying attP40 insertion site).

UAS-mit::dendra2

A Gateway cassette was cloned into pUASp-w+ in front of Dendra2 [70]

coding sequence. This plasmid was used to fuse the mitochondrial

target sequence of human COVIII (MSVLTPLLLRGLTGSARRLPV-

PRAKIHSL) with Dendra2. Independent lines were obtained by P-

Element transgenesis. The 4M line (2nd chromosome) was used here.

marf knockout flies

Homologous recombination was realized by ends-out targeting. The

resulting deletion starts 10-bp upstream of ATG and up to stop

codon. 50 and 30 homology regions (around 2.8 kb) were PCR ampli-

fied from W1118 flies and cloned in PTV-cherry at KpnI and AscI sites

(50HR primers: 50CATCACCTCGATGACTC and 50 GGTTTATGGTTG
ATTCG, 30HR primers: 50TAGTGGAACAGTAGTGGG and 50ATGCGA
CTGGTGCTTGCA). To validate W+ marf knockout animals, the 50

and 30 boundary regions between the remaining sequences of the

marf locus and the inserted pTV-cherry construct were sequenced.

Heterozygous marfKO adults are fully viable and fertile, but hemizy-

gous male and homozygous female larvae show extended larval

stage, growth defect, and third-instar lethality as described for the

marfB mutant alleles in [71].

Other lines

UAS-drp1 and UAS-drp1K38A were from J. Chung, UAS-marfStrong,

UAS-marf_RNAi, and UAS-OPA1_RNAi from M. Guo, and elav-GAL4,

OK371-GAL4, and UAS-myr::RFP from Bloomington stock center.

GAL4/UAS fly crosses were grown at 29°C on cornmeal-agar diet.

Quantitative real-time PCR

mRNAs were extracted from 12 dissected third-instar larval brains,

submitted to retrotranscription followed by qRT–PCR [SyBR GreenER

Supermix/Life Technologies/PCR program: 7 min at 95°C, 41× (15 s

at 95°C, 1 min at 60°C)]. The following primers were used: 50

TGTCGTTGATCTCACGCTTC/50GGTAGATGCAGCCGTAGAGG (exonic

region) to detect products transcribed from endogenous marf, and

from marf UAS transgenes, and 50GGGGCAAAACACTAACCAGA/
50GTTGCAGCAAATACGTGGT to detect only products of endogenous

marf (30 UTR region that is absent from themarf UAS transgenes). For

atg8b, we used 50GGGAGCCTTCTCGACGAT/50 TTCATTGCAATCA

TGAAGTTCC. The amount of mRNA detected was normalized to

control rp49 mRNA values (50GACGCTTCAAGGGACAGTATCTG and

50AAACGCGGTTCTGCATGA). Normalized data were used to deter-

mine the relative marf mRNA levels according to cycling threshold

analysis.

In situ labeling

For in situ detection of mit::dendra2 and myr::RFP, living larval

central nervous systems were rapidly dissected, mounted into PBS,

and immediately imaged. For even-skipped (Hybridoma Bank, 2B8)

immunolabeling, tissues were dissected in PBS, fixed for 5 min in

4% formaldehyde, washed 5 min, and saturated 1 h in 0.5% BSA,

0.1% Triton in PBS (PBTB). Primary anti-Eve diluted in PBTB was

incubated ON at 4°C, and later washed 1 h in 0.1% Tween-20 in

PBS (PBTw). Secondary antibody was incubated 2 h and washed

1 h in PBTw. Preparations were mounted in Vectashield/DAPI (Vec-

tor). A LSM780 Zeiss confocal microscope was used for imaging.

Time-lapse microscopy

OK-GAL4; UAS-mit::dendra2 third-instar larva central nervous

systems were rapidly dissected and mounted in PBS. Observations

were carried out under a Roper-Nikon spinning disk confocal

microscope equipped with photoconversion module controlled by

Metamorph. A 450 nm laser (10% power) was used to photo-

convert mit::dendra2 molecules (120 ms). Confocal images of green

(laser excitation 488 nm) and red (laser excitation 545 nm)

mit::dendra2 signals were acquired repetitively during a time

window of 120 s (duration of each red/green acquisitions 3 s).

Electron microscopy

Larval ventral nerve cords were dissected and immediately fixed in

2% paraformaldehyde, 2.5% glutaraldehyde, 5 mM CaCl2, and

0.1 mM Na cacodylate for 24 h at 4°C. This was followed by 2 h

post-fixation in 2.5% glutaraldehyde, 0.8% osmium tetroxide, and

0.1 mM Na cacodylate at 4°C. Ultrathin Epon plastic sections were

examined with a Tecnai G2 TEM.

Locomotor performance

Fly locomotor performance was determined using negative geotaxis

test. Ten flies were placed in a clean plastic column (25 cm

tall × internal diameter 1.5 cm) and gently tapped to the bottom.

After 30 s, the flies at the top of the column (Ntop) and the flies

remaining at the bottom (Nbot) were counted. Three trials were

performed at 30-s intervals. The performance index was defined as

(1/2*(10 + Ntop � Nbot)/10).

ATP level

ATP measurements were performed according to manufacturer’s

instructions (Luminescent ATP detection assay kit, Abcam). For

each experiment, five adult fly brains were rapidly dissected, and

the extracts were immediately deproteinized by perchloric acid

precipitation. Luminescent was measured with a TriStar LB941

luminometer.

Superoxide staining

DHE staining was performed as described [72]. Third-instar larval

central nervous systems were dissected in PBS and incubated 5 min

in 30 lM DHE (in Schneider’s medium) at room temperature,

washed and fixed 8 min in 4% formaldehyde. DHE (excitation

350 nm, emission 430 nm) is oxidized by superoxide free radicals

into ethidium (excitation 530 nm, emission 620 nm). The ethidium

signal was detected with a LSM780 confocal microscope (Zeiss).

Pixel density was determined using the ImageJ.
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mtDNA quantification

Twelve adult fly brains (3-day-old flies) were rapidly dissected in

PBS and submitted to DNA extraction followed by quantitative real-

time PCR [SyBR GreenER Supermix from lifetechnology/PCR

program: 7 min at 95°C, 41× (15 s at 95°C, 1 min at 60°C)]. Specific

primers for mitochondrial DNA (COXIII): 50CGAGATGTATCACGA
GAAGG/50GAATTCCGTGGAATCCTGTTG. The relative levels of

mtDNA were normalized to nuclear DNA using primers to rp49

gene: 50GCTTCAAGATGACCATCCGCCC/50GGTGCGCTTGTTCGATCC
GTAAC. Normalized data were used to determine the relative levels

of mtDNA molecules according to cycling threshold analysis.

Random capture mutation assay (RMC)

Twelve third-instar larvae or 3-day-old adult fly brains were rapidly

dissected in PBS and immediately submitted to DNA extraction

followed by TaqI digestion (8 h, under agitation, at 65°C/750 ng of

DNA/150 units of enzyme + 150 units added after 4 h). Quantitative

real-time PCR: LC FastStart DNA Master SYBR Green I kit, Roche/

program: 100 at 95°C, 45× (30″at 95°C, 60″ at 60°C, 15″ at

72°C] + 60″ at 72°C. Primers used to amplify TaqI site-containing

DNA fragment from the CytB gene: 50CCGATAGGATTATTAG
ATCCTG/50CGAACTTTACATGCTAACGGTG. These primers only

amplify mtDNA fragments if the TaqI site has been altered by natu-

rally occurring replication errors. The relative levels of mutated

mtDNA were normalized to total mtDNA levels using primers to

COXIII gene: 50 CGAGATGTATCACGAGAAGG/50 GAATTCCGTGGAA
TCCTGTTG (DNA region devoid of TaqI site). Normalized data were

used to determine the relative levels of mutated mtDNA molecules

according to cycling threshold analysis.

Expanded View for this article is available online.
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